Objective. To investigate the geneenvironment interaction between smoking and single nucleotide polymorphisms (SNPs), using Immunochip material, on the risk of developing either of two serologically defined subsets of RA.
Introduction
RA occurs as a consequence of the combined effect of genes and environments, and can be divided into two major subsets, according to the presence or absence of ACPAs. Cigarette smoking, the most important environmental risk factor, appears to affect ACPA-positive RA patients only [1, 2] . The shared epitope (SE) of the HLA-DRB1 gene and a polymorphism of the PTPN22 gene are the two major genetic risk factors for ACPA-positive RA, whereas they only slightly increase the risk of ACPAnegative RA [3]. To date, over 100 RA risk loci have been identified due to the success of genome-wide association studies (GWASs) [46] . However, these genetic variants cumulatively explain only a limited proportion of ACPA-positive RA occurrence, and an even smaller proportion of ACPA-negative RA occurrence. In addition, the genome-wide approach does not take into account the complex interactions that often occur in biological systems. Based on the candidate gene approach, we and others have in earlier work described a striking smokingSE interaction in seropositive RA [79] . However, these previous reports did not examine the whole genome.
Therefore, the main aim of this study was to investigate a smokingsingle nucleotide polymorphism (SNP) interaction in the two RA subsets through a two-stage approach. First, smokingSNP interactions were identified in one casecontrol study, using Immunochip (ICHIP) data as the source of genetic data. Replication was accomplished in a second stage, using another cohort of RA patients and controls. Finally, we performed an additional validation, using GWAS data as a basis for the genetic data from the first cohort. See supplementary Fig. S1 , available at Rheumatology online, for an overview of the study design.
Methods

Study population
This study is based on two cohorts: the Epidemiological Investigation of RA (EIRA) from southern/central Sweden (discovery dataset) and a nested casecontrol study from northern Sweden (Umeå ) (replication dataset). Ethical approval for the EIRA and Umeå cohorts as well as the analyses performed in the current study was obtained from the relevant ethical committees (EIRA: the ethical review board of Karolinska Institutet; Umeå : the ethical review board of Umeå University), and all subjects consented to participate in the EIRA and Umeå studies by signing a written consent form.
Discovery dataset (EIRA)
The EIRA, an ongoing population-based casecontrol study, comprises incident cases and controls aged 1870 years. A case was defined as a subject in the study base who was given a first-time RA diagnosis according to the 1987 ACR criteria [10] , by rheumatologists. Controls were randomly selected from a continuously updated national population register. Details of the study design have been reported elsewhere [11] .
Replication dataset (Umeå )
The replication dataset consists of all eligible patients from the four northern-most counties of Sweden, diagnosed with early RA fulfilling the 1987 ACR criteria [10] , who were consecutively included by rheumatologists at the University Hospital Umeå . Controls were randomly selected and identified from the Medical Biobank of northern Sweden. Details of the study base have been described elsewhere [12] .
ELISA, HLA-DRB1 SE genotyping and imputation of HLA alleles
We analysed serum samples from the cases for ACPA status using ELISA according to the manufacturer's instructions. Genotyping procedure for the HLA-DRB1 gene has been described in previous publications [8, 13] . In the Umeå cohort, HLA-DRB1 genotypes were available for 60% (n = 586) of the controls. We carried out imputation on the classical HLA alleles for all Umeå controls through a previously published imputation procedure, by using an independent reference dataset collected by T1DGC, in the BEAGLE package [14] . We compared the true genotyped HLA-SE with the imputed HLA-SE on the four-digit resolution level of HLA-DRB1*04 alleles. The imputed data achieved a concordance rate of 97.44%.
Genotyping and quality control
Genetic information was obtained from ICHIP, a custommade Illumina Infinium array including a variety of SNPs of specific immunologic interest, based on observations from different autoimmune diseases [15] . The EIRA ICHIP scan included 195586 genetic markers from 5043 samples. Data were filtered on the basis of both SNPs and individuals, executed in PLINK [16] . Population stratification was controlled by using the principal component approach, as implemented in EIGENSTRAT [17] . After quality control, a total of 133648 SNPs and 4337 participants (1590 ACPA-positive cases, 891 ACPA-negative cases and 1856 controls) passed filtering (supplementary Fig.  S2 , available at Rheumatology Online). The same ICHIP data were available in 1859 Umeå (614 ACPA-positive cases, 271 ACPA-negative cases and 974 controls) samples.
The ICHIP primarily targets the known immunity-related genes and therefore is not truly genome-wide. To further extend our findings, we included EIRA GWAS data (performed using an Illumina 300K chip, available for 1147 ACPA-positive cases, 774 ACPA-negative cases and 1079 controls, on 301171 markers after quality control; GWAS and ICHIP were overlapping for 18000 SNPs and 2458 individuals, with a genotyping concordance rate of 99.9%) in our study. The smokingGWAS interaction analysis was performed to identify any possible signals that might be neglected due to the special design of the ICHIP.
Cigarette smoking and covariate information
We collected information regarding lifestyle-related factors from the subjects through self-reported questionnaires at baseline. Ever-smokers were defined as individuals who smoked or previously had smoked cigarettes, while never-smokers were defined as individuals who had never smoked cigarettes.
Genesmoking interaction assessment
We estimated the additive interaction defined by Rothman, where sufficient cause interaction happens when the joint effect of two contributory causes exceeds the sum of their independent effects [18] . We calculated the odds ratios (ORs) by comparing double-exposed individuals (risk-allele carriers and smokers) and singleexposed individuals (risk-allele carriers or smokers) with the non-exposed reference group (non-carriers and nonsmokers) through unconditional logistic regression with adjustment for the design variables (age, gender, residential area and study phases). We subsequently calculated the proportion attributable to interaction based on those ORs. A Bonferroni-corrected P-value (for the attributable proportion) of <0.05 (corresponding to a genome-wide P-value of 3.74 Â 10
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) was used as the threshold for significance. Three genetic models (dominant, recessive and co-dominant) were applied. Since interaction is commonly examined on a multiplicative scale, we also carried out such analysis (by fitting a smokingSNP interaction term into the model) as a complement. All analyses were performed in the SAS version 9.3 of the GEIRA program [19] .
Results
Basic characteristics
The characteristics of the subjects are summarized in supplementary Table S1 , available at Rheumatology Online. Among cases in EIRA, 66.9% were ever-smokers, compared with 57.1% among controls. Smoking was more common in ACPA-positive RA, as compared with ACPA-negative RA (71.2% vs 59.2%). In the Umeå dataset, 885 cases (incident RA cases) and 974 controls were available. The proportion of ever-smokers was higher in cases (65.1% vs 49.2%) and more common in ACPApositive cases (69.2% vs 55.6%). The smokingRA association was found only in ACPA-positive RA (OR 2.0), but not in ACPA-negative RA cases (OR 1.1) (supplementary Table S2 , available at Rheumatology Online).
Identification and replication of a smokingSNP interaction, without adjustment of HLA-SE In EIRA, 101 SNPs from the co-dominant model, 35 SNPs from the dominant model and nine SNPs from the recessive model were found to interact significantly with smoking in ACPA-positive RA. In total, 102 non-duplicated SNPs were noted, all located in the HLA region. The lack of interaction signals outside the HLA region might be due to the selected coverage of ICHIP markers. We therefore also performed GWASsmoking interaction analysis, but no additional signals outside chromosome 6 were obtained (supplementary Fig. S3 , available at Rheumatology Online). In contrast, no single SNP was found to be interacting with smoking in the ACPAnegative RA subset. Subsequently, we restricted our analyses solely to ACPA-positive RA cases and controls.
We then analysed all 102 SNPs in the replication dataset, in the same way as in the EIRA dataset. Only SNPs in the replication sample that reached a P < 0.05 and had the same direction of interaction were considered to be truly replicated. With these criteria, 51 SNPs were replicated (supplementary Table  S3 , available at Rheumatology Online). No evidence of statistically significant multiplicative interactions was observed for any of these 102 smokingSNP pairs. Based on these 51 validated interaction signals, we selected 10 genes/gene regions (supplementary Table  S4 , available at Rheumatology Online), and 7 of the 10 closest genes (HLA-DOB, HLA-DQA1, HLA-DQA2, HLA-DRA, HLA-DRB1, HLA-DRB5, TAP2) correspond to an antigenpresenting pathway.
Identification and replication of smokingSNP pairs independent of HLA-SE Given the extensive linkage disequilibrium in the HLA region, we adjusted for SE on those previously identified smokingSNP pairs to determine possible independent interaction signals. In EIRA, the numbers of interacting SNPs were strongly reduced after such adjustment, with 12 identified from the co-dominant model and eight from the recessive model (five overlapping SNPs). As shown in Tables 1 and 2, and supplementary Table S5 , available at Rheumatology Online, altogether, eight non-duplicated SNPs were successfully replicated. All were from the HLA class II region (BTNL2, HLA-DRA, HLA-DRB5, HLA-DQA1, HLA-DOB and TAP2) and were in high linkage disequilibrium (supplementary Fig. S4 , available at Rheumatology Online).
Identification of interaction effects between currently known RA risk loci and smoking Based on the literature published to date, $125 risk loci have been identified among Caucasian and Asian populations for RA overall or for ACPA-positive RA. We found 84 of these risk loci (supplementary Table S6 , available at Rheumatology Online) and carried out the same interaction analysis in EIRA. We did not observe any evidence of significant interactions of those additional non-HLA SNPs with smoking, on either the additive or the multiplicative scale, after adjustment for multiple comparisons. Several suggestive interaction signals were obtained when the P-threshold was set to 0.05. These results are summarized in supplementary Table S7 , available at Rheumatology Online.
Identification of multiplicative interactions
As a complement, we analysed genesmoking interaction on the multiplicative scale, using all the ICHIP markers in the EIRA dataset. We did not observe any significant smokingSNP pair after accounting for the multiple www.rheumatology.oxfordjournals.org For each SNP, three rows of results were shown, representing results from the discovery dataset of the Swedish EIRA study (first row), the replication dataset of the Umeå study (second row) and pooled data combining both studies (third row). In EIRA, the odds ratios were adjusted for age, gender, residential area, and shared epitope. In both Umeå and the pooled analysis, the odds ratios were adjusted for age, gender and shared epitope. SNP: single nucleotide polymorphism; Chr.: chromosome; ref: reference; OR: odds ratio; reference group was composed of never-smokers with no risk allele; NA: not available, recoding occurs to either genetic factor or smoking.
TABLE 2
The independent and joint effects of SNPs and smoking in ACPA-positive RA: odds ratios from the recessive model For each SNP, three rows of results were shown, representing results from the discovery dataset of the Swedish EIRA study (first row), the replication dataset of the Umeå study (second row) and pooled data combining both studies (third row). In EIRA, the odds ratios were adjusted for age, gender, residential area, and shared epitope. In both Umeå and pooled analysis, the odds ratios were adjusted for age, gender and shared epitope. 
Discussion
In this study, we identified multiple geneenvironment interactions in autoantibody-positive RA, taking all genetic variations in the ICHIP scan into account and using smoking as environmental exposure. With regard to the risk of ACPA-positive RA, interactions between several SNPs in the HLA loci and smoking were also observed (after adjustment for HLA-SE alleles), whereas in ACPA-negative RA, no interaction signals were identified.
Our current work has several strengths. We performed a two-stage study with discovery and replication phases, which reduced false-positive findings. We carried out additional analysis using GWAS data, to incorporate SNPs from the entire genome, which shed light on potential differences due to the SNP selection for the ICHIP. The use of three genetic models provided us with the maximum amount of information concerning potential interactions. Instead of incorporating a screening step to determine the main effect of each SNP, and subsequently performing interaction analyses within that particular subset of SNPs, we screened all SNPs over the genome, thus minimizing the risk of missing potentially important SNPs with a very small main effect, but a significant interaction effect.
Our study also has limitations that need to be acknowledged. Our methods for the elimination of some of the SNPs during the QC stage may have led us to miss rare alleles with high effects. Due to a lack of classical genotyping, part of the HLA-SE information on Umeå controls was imputed and therefore was not as accurate as for the other materials. Additionally, it is possible we missed auxiliary interaction signals outside the chromosome 6p21 locus with smoking, due to the sparse coverage of GWAS data. Although we believe it is feasible that physiological effects from smoking contribute to the deregulation of the immune system and to the development of RA, we cannot exclude potential genegene interactions, since smoking habits, to some extent, are genetically influenced [20] .
In the current study, all the results identified alleles in chromosome 6p21 only. We did not observe any genomewide significant interaction effect between smoking and several well-validated loci from previous single SNP association analyses, including TNFAIP3, CTLA4, STAT4, PTPN22 and TRAF1/C5 [4], nor for the loci described in smoking candidate gene interaction papers, including PADI-4, GSTT1, GSTM1, HMOX1 and EPXH1 [2123]. Our results reinforced the notion that the chromosome 6 HLA region provides a strong pathogenic background for ACPA-positive RA, driven by smoking [24] . A major novel finding is that several gene variants within the MHC region, in addition to the known HLA-DRB1 locus, interact with smoking, indicating that smoking is involved in the triggering of immune responses that are restricted by different MHC class II, and possibly MHC class I, molecules. The concept is consistent with the findings from purely genetic association studies that several structures in the binding grooves of different MHC classes II and I molecules are associated with an increased ACPA-positive RA risk [25] . A challenging task for further investigations will be to integrate the present findings with detailed information on the structural variants of MHC molecules and to investigate which specific immune reactions are related to smoking and specific MHC molecular structures.
To summarize, we performed a comprehensive analysis of smokinggene interaction with regard to RA susceptibility. The results should contribute to the designing of further functional studies on the effects of MHC class IIdependent immune activation due to smoking, in ACPA-positive RA. In addition, well-powered genomewide interaction studies are needed to identify possible genesmoking interactions in ACPA-negative RA.
